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Abstract

Plastic extrusion itz a promising method for producing the long lengths
of high-T. superconductor that will be necessary to meet many potential
applications. A crucial phase of the extrusion method is removal of.organic
constituents. Incomplete removal can leave residual carbon at grain
boundaries, which can adversely affect the superconducting properties,
whereas excessively rapid removal of the organics can cause the extruded
superconductor to disintegrate completely. In this paper, we analyze the
effects of the following aspects of organics removal, as they apply to the
firing of extruded YBasCu3Ox coils: (a) total pressure in the furnace, (b)
oxygen flow, (c) heat conduction, and (d) diffusion of volatile components

during removal of organics.

Introduction

For many practical applications of high-T¢ superconductors, it will be
necessary to make long, continuous lengths of superconductor in a variety of
shapes. Thin-film techniques have produced the best-performing super-
conductors to date, with critical current densities on the order of =106

A/cm? [1]. However, such techniques are limited to production of
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superconductors for small-scale applications. Large-scale applications will
require bulk fabrication processes such as plastic extrusion, a versatile
technique that has been used to produce long lengths of continuous

YBasCugO7_x (YBCO) superconductor in the form of multilayer coils.

In the green state, extruded superconducting coils contain =10 wt%
organics. These organics perform important functions in the extrusion
process. For example, they prevent agglomeration of the YBCO during
milling, and they provide the green coil with strength and flexibility.
However, before the green coil can be made into a useful superconductor,

the organics must be completely and carefully removed.

The removal of organics is a complicated process involving a delicate
balance between heat and mass transfer through a structurally weak body.
Heat must be conducted into the coil interior to maintain thermal
equilibrium and initiate decomposition of the organic phase. Volatile
species formed at low temperatures (T<240°C) must diffuse to the surface
rapidly enough to avoid formation of bubbles in the interior. At higher
temperatures (T=2260°C), decomposition of the binder proceeds by either
thermal unzipping or oxidation. In the case of thermal unzipping, the
monomeric species must diffuse rapidly to the surface to avoid bubble
formation. For oxidation, oxygen must diffuse to the interior where it can
react with the binder, and the products of this reaction must diffuse to the
surface where they can be removed. In either case, heat generated by
decomposition of the binder must be removed by conduction to prevent
thermal runaway at the sample interior. In addition to the above
considerations, relatively large amounts of CO9 and HoO are generated

during the removal of organics, and it has been shown that COs and HyO
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severely affect the transition temperature, critical current density, and
superconducting transition width of YBCO superconductors [2-7]. To better
understand and control these processes during the heat treatment of YBCO
coils, the effects of the following factors were analyzed: (a) total pressure in
the furnace, (b) oxygen flow, (c) heat conduction, and (d) diffusion of volatile

components during binder removal.

Experimental

Powders of YBCO and Yo2BaCuOs (211) were made by solid-state reaction
of the constituent oxides. To prepare for extrusion, YBCO powder was first
mixed with a solvent, a dispersant, a binder, and a plasticizer; it was then
mixed with silver. This yielded a plastic mass that was first extruded, then
coated with 211, to give an insulated YBCO/Ag wire that could be wound into
a coil. The addition of silver improved the mechanical properties of the
fired wire. Superconductor wires with diameters between 0.1 and 3.0 mm
and lengths up to 20 m have been extruded at Argonne National Laboratory.
After extrusion, coils are fired at 900-920°C in flowing oxygen (1160
cm3/min) at a reduced total pressure (=2 torr), then annealed in 100%
oxygen for up to 48 h at 450°C. The critical current density, J¢, of coils was
measured by the four-probe technique, with a criterion of 1 pV/cm. Details

on the fabrication procedure are given elsewhere [8].

Results and Discussion

Table 1 shows the firing conditions for six coils made by extrusion,
their critical current densities, J¢, and the magnetic field generated at the
center of the coil when the coil was operating just below its critical current.

Also shown, for two coils, are the magnetic fields generated across the
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6-mm gap of an iron core. Although the J. values are well below those
necessary for applications such as electric motors, the length of continuous
superconductor ranges up to =20 m in these coils. Moreover, the measure-
ments were made in magnetic fields up to 73 G, and fringing effects at the
coil ends probably increase the field on the end winding even further. The
J¢ values are typical of bulk YBCO produced by conventional ceramic
processing methods, i.e., they still appear to be controlled by weak links;
however, the long lengths represent a significant improvement in the
fabrication of bulk superconductors. In particular, the results indicate that

the process of organic removal has been successfully controlled.

Total Pressure in Furnace. When superconducting coils are fired at
ambient pressure, harmful concentrations of COg, CO, and Ho0O accumulate
in the atmosphere, leading to gross decomposition of YBCO. By contrast,
their concentrations are minimized when the ccils are fired at a reduced
total pressure, and decomposition of YBCO is greatly reduced, if not
completely avoided. Also, the binder decomposition reaction can be
moderated somewhat by reducing the concentration of oxygen available for

oxidation of the binder.

The effect of total pressure is demonstrated in Fig. 1 and 2, which show
schematic X-ray patterns of two YBCO powders that were mixed with the
organics used in extrusion, then heated in flowing oxygen at either ambient
(Fig. 1) or reduced (Fig. 2) pressure (=2 torr). Samples were taken from the
mixtures at 240, 300, and 350°C, and their X-ray patterns were obtained.
Figure 1 shows that, when YBCO/organic mixtures were fired at ambient
pressure, both samples of YBCO decomposed (powder prepared by the

liquid-mix process decomposed at 240°C, whereas that prepared by solid-
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state reaction decomposed at 300°C). However, Fig. 2, which shows that the
relative intensities of peaks varied with temperature, also shows that YBCO

powders heated at reduced pressure did not decompose.

The patterns at 240 and 350°C indicate highly oxygenated YBCO,
whereas the pattern at 300°C indicates oxygen—deficient YBCO [9]. This is
consistent with measurements that showed a weight gain between 300 and
350°C and suggests that, as the organics are oxidized in the temperature
range of 240-300°C, they remove oxygen from the YBCO. Once the organics
have been completely removed (above =300°C), YBCO regains the lost oxygen
and shows an increase in weight. These results indicate that firing at
reduced total pressure prevents gross decomposition of YBCO. Therefore,
firing at reduced total pressures is important to the fabrication of multilayer

coils.

Effect of Oxygen Flow. The furnace used to fire coils is diagrammed in
Fig. 3. The vacuumn pump maintains a reduced pressure in the furnace and
minimizes decomposition of YBCO, as discussed above. A throttle valve is
placed between the cxygen flowmeter and the furnace to keep the exit end
of the fiowmeter at ambient pressure. This is done so oxygen flow can be
measured with a flowmeter that was calibrated at ambient pressure.
Downstream from the throttle valve, the oxygen flow begins to accelerate
and its velocity becomes quite high when it reaches the furnace. The
velocity of the oxygen flow at the entrance to the furnace depends primarily
on the pressure ratio, P;/P,, i.e., on the pressure at the entrance to the

furnace/the pressure just downstream from the throttle valve.
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In analyzing the effect of Py /P, on the gas velocity, temperature, and
density, we assume that the flow between Points 1 and 2 (Fig. 3) is one-
dimensional and adiabatic. This leads to the following equations, which

apply to the flow of a perfect gas through a constant area [10]:

Pg/Py = (M1/Mp) (Ag/A1) /2, (1)

To/T) = Ag/A;, | (2)

Vo/Vy = Ma/M;) (As/Ap)Y/2, (3)
and

p2/p1 = (M1/My) (A1/A9)}/2, (4)
where

A y+1 (5)

2[14.-—7—"—1M2)
2

vy is the specific heat ratio (y= 1.395 for oxygen), and M is the Mach
number. The upstream conditions at Point 1 are known, and in the present

analysis, we assume T = 26°C, and V; = 1 m/s. These conditions yield

C, = WRT)/2 = [(1.395)(260)(299)}1/2 = 330 m/s, (6)
M; =V,;/C; = .0/330 = 0.0030, (7)
and
A= —1T0 - <1107 (8)
2 (1+7-5—M12J

Equations (1)-(4) can be expressed in terms of the downstream Mach
number, M2, by expressing Az in terms of Mg, Eq. (5), and substituting the
above values for M; and A;. The results are plotted in Figs. 4 and 5. The
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maximum value of My is 1 because the velocity cannot exceed the local

speed of sound in a constant-area flow.

As an example, we assume that P; = 50,000 Pa (0.5 atmosphere) and
Py = 500 Pa (3.75 torr), so that Py/P; = 0.01. Using Figs. 4 and 5, we obtain
M5 = 0.3, T9/T; = 0.98, Vo/V; = 100, and py/p; = 0.01. Because V; = 1 m/s
and T; =26°C, we find V5 = 100 m/s and T, =20°C. This relatively high-
velocity and low-temperature jet can cause uneven cooling of the hot coil
and result in serious damage, despite some drof in velocity and increase in

temperature in the jet after it enters the furnace.

The problem of uneven cooling was evident in fired coils whose front
surfaces (i.e., the surface directly exposed to the cold-oxygen jet) retained
their approximate original dimensions but whose rear surfaces were badly
bloa.ed. The problem can be pariially alleviated by increasing the pressure
ratio, either by reducing the upstream pressure, P, or increasing the
downstream pressure, P,. This will reduce the velocity of the jet stream,
Vj5; however, the temperature of the jet entering the furnace will still be
much lower than that of the sample, and this can result in uneven cooling of
the coil. Alternative solutions are to heat the gas before it enters the
furnace, or place a porous ceramic material between the furnace entrance
and the coil (Fig. 3). The second alternative solution serves two purposes:
(a) the porous material forces the oxygen to flow along a torcuous path,
thereby allowing the oxygen to heat up before it contacts the coil, and
(b) the porous material gives a more uniform flow of oxygen through the

furnace, rather than a single small jet of oxygen down its center.
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Heat Conduction. During firing, heat is applied at the coil surface and
conducted into its interior. Heating in this manner establishes a
temperature gradient, whose magnitude depends on the heating rate and
the size of the coil. Large temperature gradients should be avoided for two
reasons: (a) they induce thermal stresses in a structurally weak body, (b)
because decomposition of the organics occurs over a small temperature
range (=5-10°C) [8], largé gradients can establish a situation in which part of
the coil is undergoing organic removal while another part is not. This also
leads to stresses in the weak green body. To understand the effects of
heating rate and sample size, the one-dimensional heat-conduction equation

was solved for a surface temperature that increases linearly with time.

The assumed geometry for the analysis is shown in Fig. 6. A slab with
thickness 2b is initially at a uniform temperature, T,, and the surface
temperature is increased linearly with time. In the figure, x = 0
corresponds to the center of the slab. The one-dimensional, transient heat-

conduction equation is

ar _ T
ot

T (9)

where o is the thermal diffusivity of the sample. The initial condition is

t=0T=T,. (10)

and the boundary conditions are

x=%b, T=T,+ at, (11)
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where a is a constant that can be considered the heating rate (°C per unit

time). The solution in terms of dimensionless parameters is given by [11]

Teogeq X1
2
16 ¢ (-1 -2n+1)%n2 t* (2n+1)mx*
¥ 3 (2n+1)3 4 o 2 ’
where
T* = a(T-T,)/ab?, (13)
t* = at/b2, (14)
and
x* = x/b. (15)

The results from solving Eq. (12) are shown in Fig. 7. Because the
temperature at the surface increases constantly with time, it increases with
time everywhere in the sample. Also, the temperature increase at the
interior always lags behind that at the surface, so that a temperature
gradient exists at all times. The variations of the surface and centerline
temperatures are plotted versus time in Fig. 8, where we see that the
temperature gradient between the surface and the centerline approaches a
constant value for t* >1. For large t* the exponentia! .crm in Eq. (12)

becomes very small and

T* = t* + (x*2 - 1)/2. (16)
Then,
Surface T* = T*(x* = 1) = t* (17)

and
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Centerline T* = T*(x* = 0) = t* - 0.5. (18)
Therefore,
Surface T* - Centerline T* = 0.5. (19)

This agrees with the result shown in Fig. 8 for large values of t*.

If the thermal diffusivity of the sample is known, the steady-state
temperature gradient (i.e., for large t*) can be estimated from Eq. (19). The
thermal diffusivity of the coil depends on the thermal diffusivities and
volume fractions of all coil constituents. In the green state, coils consist of
ceramic and silver powder embedded in a matrix of organic constituents.
Because the YBCO and silver comprise such a low volume fraction of the
green coil and the organics form a continuous phase, the thermal
conductivity will be on the order of that for the organic constituents.
Assuming the thermal diffusivity of the organic phase to be that of the acrylic
binder (because it is the major component), the thermal diffusivity is

estimated to be in the range of 10°7-10"8 m*/s [12,13].

Figure 9 shows the steady-state temperature gradient calculated for
various sample thicknesses, assuming a value of 108 m? /s for the thermal
diffusivity. For example, if the thickness (2b) of the sample is =2 cm and the
heating rate is 0.01°C/s, the temperature gradient between the surface and
the centerline of the sample is =50°C. With such a large temperature
gradient, the exterior of a coil can undergo organic decomposition and
produce COg while the organic phase in the coil interior remains intact.
This type of situation is expected to impede the overall removal of organics
and generate large stresses in the weak, green coil. In fact, coils fired at

such a heating rate have disintegrated on numerous occasions. On the other
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hand, a steady-state gradient of only =1°C is expected when thicker coils
(2b = 4 cm) are fired at the much slower heating rate of 6 x 104 °C/s. Coils
fired at the slower heating rate have never bloated or exploded, possibly

because the removal of organics proceeds in a more uniform fashion.

Heat conduction is also important to another crucial aspect of organic
removal. Because the oxidation of binders is largely exothermic [14], it is
critical that the heat generated during oxidation be efficiently removed;
otherwise, thermal runaway at the interior can result in destruction of the
green body. To estimate the conditions under ﬁrhich thermal runaway might
be expected, the kinetics of binder decomposition must be known. As this
information is not known at this time, we have not analyzed this aspect of

organic removal.

Diffusion of Volatile Components. During the early, low-temperature
stage of binder removal (below =200°C), volatile componeiuis of the organic
phase are removed from the surface of the sample by evaporation. This
evaporation of the volatile organics creates porosity in the green body and
thereby facilitates removal of the binder at higher temperatures. If the
binder remains in solid form at these low temperatures, migration of the
volatile components to the surface proceeds by the slow process of diffusion.
If the organics at the interior of the coil volatilize much more rapidly than
they diffuse to the surface, bubbles can form and result in bloating of the
coil. For this reason, it is important to consider diffusion of the volatile

organics to the surface.

The diffusion problem is mathematically similar fo the problem of heat

conduction described in the previous section. The governing equation for
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diffusion is
2
o€ _ §9€C (20)
ot ox2
where C is the concentration of the volatile component and & is its diffusion
coefficient through the binder. Again, we base our analysis on the geometry

sl.own in Fig. 6, and use the following initial and boundary conditions:

t=0,C=C, (21)
aC

% o, 22
o (22)
x =b; C = Cqyrp, (23)

where C, is the initial concentration of the volatile organic, and Cg,,/s is its
concentration at the surface of the coil. The surface concentration will be
very small if the rate of evaporation is much larger than the rate of diffusion
to the surface. The solution in terms of the dimensionless concentration C*

is

= n 2.2 . 4 .

C*=1- :—2:: (é—;ll—l-)- € [—(2n+2 ¢t ]cos ________(2n+21)1cx R (24)
where

C* = (C - Co)/(Csurf - Co), (25)

t*= 5t/b2, (26)
and

x* = x/b. (27)

Based on Eqgs. (24)-(27), Fig. 10 shows the dimensionless concentration

as a function of position in the sample for various values of dimensionless
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time, and Fig. 11 shows the centerline concentration as a function of

dimensionless time. We see from Fig. 11 that for t* = 1.0,

Centerline C* = 0.90 = (Cgent - Co)/(Csursf - Co)- (28)

Because the evaporation rate is likely to be much greater than the
diffusion rate, the surface concentration is negligible (Csurf = 0), and the

centerline concentration turns out to be,

Thus, t* = 1.0 corresponds to the time required for the centerline
concentration to decrease to 10% of its initial value. Equation (26) shows
that this time is a function of the thickness of the sample and the diffusion

coefficient.

Very few data exist on the diffusion coefficient of volatile components in
polymeric materials such as binders. Recently reported data on the
diffusion coefficient of dialkyl phthalates in polyvinyl butyral [15] ranged

from

§=10"1%to 1016 m2/s (30)

in the temperature range of 60-150°C. These values for the diffusion
coefficient are several orders of magnitude smaller than the thermal
diffusivity. If we use t* = 1.0 as a measure of the characteristic time
required for heat and mass transfer, it can be inferred that the time
required for the diffusion of volatile components to the surface is much
longer than that required for heat to be conducted to the interior of the
sample. This indicates that the entire sample may be above the saturation

temperature while most of the volatile components are still trapped in the
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interior of the binder. Consequently, boiling may occur in the interior of the
sample and cause the formation of bubbles. Bubble formation during binder
burnout has been experimentally observed and is considered a likely source
of defects in the fired body [16]. To alleviate this problem, the heating rate
should be kept low, and enough time must be provided to accommodate the

slow process of diffusion.

Conclusions

The removal of organics is a complicated process that involves both heat
and mass transfer through a structurally weak body and is critical in fabri-
cating superconductors by methods that involve large amounts of organics.
To better understand and control the removal of organics from YBCO coils,
the following variables of heat treatment were considered: total pressure in

the furnace, oxygen flow, heat conduction, and diffusion of volatile

components.

Firing coils at reduced pressure was found to greatly minimize, if not
eliminate, decomposition of YBCO for two possible reasons: (a) COs and Hs0O
are not aliowed to accumulate in the atmosphere because the furnace
operates under a dynamic vacuum, thus minimizing the reaction between
YBCO and CO2 and Hy0, (b) the reduced pressure limits the supply of oxygen
to the decomposing binder, thereby moderating the binder decomposition
reaction and preventing thermal runaway. It was also shown that uneven
cooling of the coil can result if oxygen is allowed to flow unimpeded into the
furnace. Disrupting the flow of oxygen by placing a porous material at the

entrance to the furnace helps to alleviate this problem.
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Heat conduction into the coil interior is controlled by the thermal
diffusivity of the organic phase. Because this thermal diffusivity is very low
(10-7-10-8 m2/s), large steady-state temperature gradients (=50°C) might
be expected across moderately thick coils (=2 cm) that are heated at rates of
=0.01°C/s. This can lead to nonuniform removal of organics from the coil
and result in large stresses in the weak green coil. Calculations and
experiments show that this problem is avoided when coils are heated at a
rate of =0.001°C/s. Finally, it was shown that the diffusion of volatile
components is much slower than heat conduction, so the entire coil may e
above the saturation temperature while most of the volatile components are
still trapped in the interior. This results in bubble formation and can be

prevented by the use of very slow heating rates.
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Table 1. Description and Properties of Six Superconductor Coils and

Their Firing Conditions

B (Air
Coil Firing Je Core)2 B (Fe Core)P
Description Conditions (A/cm?2) (Gauss) (Gauss)
. Uncoated 100% O9 120 19 -

25 Turns 910°C

211—Coated 100% O2 130 20 -

25 Turns 910°C

Uncoated 2 mm Hg 225 36 -

21 Turns 875°C

211-Coated 10 mm Hg 150 42 160 @ 77 K
2 Layers 875°C

42 Turns

211-Coated 10 mm Hg 150 73 330 @ 77 K
5 Layers 875°C 420 @ 73 K
72 Turns

211-Coated 10 mm Hg 140 80 -

6 Layers 900°C

120 Tumns

aMagnetic field generated at center of ccil when coil was operating just
below its critical current.
bMagnetic field generated across an ~6-mm gap for an iron core.



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

-19-
FIGURE CAPTIONS

Schematic X-ray patterns of fully «xygenated YBCO powders and
two other YBCO powders that werc fired at ambient pressure in
contact with the organics used in extrusion. The patterns show
that both powders fired with the organics decomposed during

firing.

Schematic X-ray patterns of YBCO powder as a function of
temperature. The powder was fired at reduced total pressure in
contact with organics used in extrusion, and showed no signs of

decomposition.
Schematic diagram of the furnace used to fire coils.

The ratios of pressure, P2/P;, and temperature, To/T), at Points 1

and 2, plotted as functions of the downstream Mach number, M.

The ratios of gas velocity, Vo/V1, and density, p2/pi, at Points 1 and

2, plotted as functions of the downstream Mach number, Ms.

The idealized, one-dimensional geometry on which the analyses of

heat conduction and diffusion of volatile components are based.

The dimensionless temperature, T*, as a function of dimensionless
position, x*, in the idealized sample, plotted for various values of

dimensionless time, t*.

The dimensionless temperature at the center of the sample, T*, as

a function of dimensionless time, t*.
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Fig. 9. The temperature gradient across the sample as a function of

dimensionless time, t*.

Fig. 10. The dimensionless concentration, C*, as a function of
dimensionless position, x*, for various values of dimensionless

time, t*.

Fig. 11. The dimensionless concentration at the center of the sample

versus dimensionless time, t*.



Nomenclature

A: Constant defined by specific heat ratio and Mach number. See Eqgn. 5.
C*: Dimensionless concentration defined in Egns. 24 and 25

Ci: Constant defined by specific heat ratio. See Eqn. 6.

Mj, Ma: Mach number at points 1 and 2 in experimental setup

P;, Po: Total pressure at points 1 and 2 in experimental setup

t: time

t*: Dimensionless time defined in Eqn. 14 for heat conduction, in Eqn. 26
for diffusion of volatile components

Ty, T9: Temperature at points 1 and 2 in experimental setup

V1, Va: Gas velocity at points 1 and 2 in experimental setup

- x: Position in idealized sample

x*: Dimensionless position defined in Eqn. 15
o: Thermal diffusivity

o: Diffusion coefficient

vy: Specific heat ratio

p1, p2: Gas density at points 1 and 2 in experimental setup
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Schematic X-ray patterns of fully oxygenated YBCO powders and
two cther YBCO powders that were fired at ambient pressure in
contact with the organics used in extrusion. The patterns show
that both powders fired with the organics decomposed during
firing.
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Fig. 2. Schematic X-ray patterns of YBCO powder as a function of
temperature. The powder was fired at reduced total pressure in
contact with the organics used in extrusion, and showed no signs of
decomposition.
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Fig. 6. The idealized, one—dimensional geometry on which the analyses of
heat conduction and diffusion of volatile components are based.
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